The interaction of a small celestial body passing through the atmosphere of a planet is considered. Equations of aerodynamic deceleration of the body and condition of its fragmentation are obtained. It is shown that the fragmentation is a multistep process with steps separated in space and time. The model developed allows one to estimate the number of steps in fragmentation of the body, the number of fragments, their dimensions, parameters of motion, coordinates, and energy release into the atmosphere. The model is illustrated using the examples of interaction of a small celestial body and Comet Schoemaker-Levy 9 with the Earth's and Jupiter's atmospheres, respectively.
The world scientific community has given considerable attention to the space safety of the Earth. The importance of this problem is indicated by the recent (July 1994) grandiose event --the fall of Comet Schoemaker-Levy 9 (SLg) on Jupiter. For the Earth, such an event would undeniably be a real catastrophe since the kinetic energy of the comet is equivalent to the energy of explosion of 4 9 1011-2 9 1015 tons of TNT 2 [~2-10T-1011 atomic bombs like that dropped on HiroshimaJ].
Of particular interest is the fact that, for some reason, SL9 broke up into 20-25 fragments. Chapmen [1] gives a photo of a chain of these fragments nearing Jupiter. Similar phenomena of breakup of comets or meteoroids in their passage through the Earth's atmosphere have been repeatedly observed previously [2] . Apparently, an example of such an event is the breakup of the Belyi Comet, which split into two part before spectators' eyes in 1845 and gave rise to a meteor shower [3, p. 69] .
According to the data of G. Melosh and P. Shenk given in [4] , the numerous chains of craters detected by the Voyager-1 station in January 1979 on Jupiter's satellites Callisto and Ganymede are formed by impact of fragments of previously broken comets. Asphang and Benz [5] considered a possible mecha1Russian Federal Nuclear Center, Institute of Experimental Physics, Sarov 607190. 2The energy release of 1 kg of TNT is ~4.2.106 J. 3The power of the bomb dropped on Hiroshima is estimated at 2 9 104 tons TNT.
nism for formation of a chain of fragments of a small (relative to the atmosphere thickness) celestim body (SCB) under gravitation. Numerical calculations showed if the nucleus of SL9 is imagined as a heap of low-density rocks bound only by gravitational forces, then approaching Jupiter, it will dissolve. Then, under gravitation, the fragments of the nucleus will unite into larger formations. The calculations reproduced the chain of fragments of SL9 for the case where the parent body had diameter 1.5 km and density 0.5 g/cm 3, and the number of rocks was several thousand [2] .
In [6], we undertook an attempt to describe the breakup of SL9 under the action of aerodynamic drag. Estimates showed that in order to break up into ~20 parts, the comet, depending on the material, should have passed in 1992 through the upper layers of Jupiter's atmosphere at a height of 450-650 kin, (the height at which condensation of atmospheric gases begins was taken to be zero [7] ). The same proposal was made separately by Grigoryan [8] . It has been shown [9], however, that for an adequate description of the fragmentation, it is necessary to use the energy concept of modern failure mechanics.
THEORY OF THE PHENOMENON
Let us consider the process of fracture of an SCB in the atmosphere of a planet by which it passes (Fig. 1) . Compared to aerodynamic drag, gravita-0010-5082/99/3505-0581 $22.00 (~) 1999 Kluwer Academic/Plenum Publishers 581 I v a n o v a n d R y z h a n s k i i Fig. 1 . Calculated diagram of a SCB passing by a planet.
tion is ignored. Based on the estimates of [10], the ablation of the material of the SCB is also neglected. The SCB material is considered homogeneous with density Pb and with a sufficient amount of structural defects, as any real body. As in the majority of similar papers, we assume that the SCB is a sphere with initial diameter D0 moving from far away at velocity v-oo. By z0 we designate the minimum distance between the surface of the planet of radius Rp and the flying-by SCB. The dependence of the density of the isothermal atmosphere (Pa) as a function of the height above the planet's surface is written as z
p a = p o e x p ( -H ) e x p ( --~) ,
where P0 is the density at zero height, z is the variable part of the height, reckoned from the height R0 = Rp + z0 (so that c~ > z ~> 0 when SCB nears the planet and 0 ~< z < c~ when the body moves away from it), and H is the reference thickness of the unperturbed atmosphere. We note that at P0 = 1.29 kg/m 3 and H ~ 8 km, formula (1) describes the Earth's atmosphere. The formula for the density of Jupiter's atmosphere [7] consists of two parts: one for pressures of p/> 1 bar and the other for p ~ 1 bar. These formulas are joined at p ~ 1 bar, which corresponds to a height zo + z = 350 km (the zero level is the height at which condensation of atmospheric gases begins: p = 256 bar, T = 837 K, a n d p = 8 . 5 kg/m3). For z o + z > 3 5 0 k m , weuse the second part of the formula, which is reduced to (1) for P0 = 1.5.10 -4 exp(350/H) ~ 1.35.103 g/cm 3 (for Jupiter, H = 21.86 km).
The equation of motion of the SCB in the atmosphere is dv 3 Pav 2
Pb Do where v is the travel speed of the SCB, t is the time, and C~ is the aerodynamic drag coefficient. As follows from Fig. 1 , ~ is the angle between the vertical R0 and the straight line Ro + z. Therefore, z = Ro(sec qa -1),
and, at the stage where the SCB approaches the
We restrict ourselves to heights z << R0 at which the aerodynamic drag is considerable. Then, as a first approximation, from (3) and (4) we find
Integrating (2), with allowance for (1) and (5) subject to the initial conditions v --* v-oo as z --* oo, we obtain the following formula for the SCB velocity in the planetary atmosphere when the body nears the planet: 
If the SCB does not break up in the atmosphere, then with sufficient distance from the planet (practically even at ~ > 3), e r f ( = 1 and the SCB velocity is v+oo = v-oo exp(-2Ax/~), and the relative fraction of the kinetic energy of the SCB released into the atmosphere is
\'/./_o~ / We consider the process of fragmentation of the SCB in the planetary atmosphere. In determining the fracture condition, we bear in mind that use of the conventional strength criteria adopted in the strength of materials does not give an adequate description of fragmentation of a solid body [9] . Therefore, as in [6, 11] , we employ the integral approach of [12] , which is based on the energy concept of modern failure mechanics. We assume that the SCB, as any real body under a gradually increasing load, break up into two, almost equal, parts, each of which, in turn, disintegrates in two parts, etc. For simplicity, the fragments are considered spherical. The temperature of the SCB material is low, and it does not increase considerably upon interaction with the atmosphere because of continuous ablation of the outer layers [10] and insignificant heat transfer [7] .
